ABSTRACT: Spectroscopic gamma-photon detection has widespread applications for research, defense, and medical purposes. However, current commercial detectors are either prohibitively expensive for wide deployment or incapable of producing the characteristic gamma photopeak.
INTRODUCTION
Low-cost, high-performance spectroscopic γ-photon detectors have been long sought for due to their numerous applications in high-energy physics, the promotion of nuclear non-proliferation, and medical imaging. [1] [2] [3] Scintillators resolve γ energy by proportionally converting a single highenergy photon into a number of photomultiplier-tube (PMT) detectable low-energy photons, which is considered a more affordable solution for general purposes than delicate semiconductor detectors. 3, 4 An ideal scintillator should simultaneously exhibit the following traits: 1) high atomic number (Z) to increase gamma attenuation and photoelectron production; 2) high light yield (LY, low energy photons produced per unit energy deposited, photons/MeV); 3) short emission decay lifetime; and 4) low cost and ease of large-scale fabrication. However, commercial solid-state scintillators, generally made of either inorganic single crystals or plastics, inevitably fail to meet all of these requirements due to their intrinsic material properties and limitations in fabrication processes. Nanocomposite (NC) scintillators composed of uniformly dispersed high-Z nanoparticles and organic dyes in a polymer matrix have been proposed to integrate the high-Z of inorganics with the fast decay and low cost of plastics, thereby improving the overall performance and cost-effectiveness. [5] [6] [7] [8] [9] [10] [11] However, most attempts were stalled at low nanoparticle loadings (<10 wt%) due to severe optical loss induced by aggregation at higher concentrations, limiting their potential for practical application. [5] [6] [7] While the use of high-Z organometallics provided an alternative for higher loading, their strong spin-orbit coupling effect necessitates careful matching of their triplet energy levels using costly triplet emitters. 9 Recently, our group has fabricated transparent NC scintillators containing up to 60 wt% of surface-modified high-Z oxide or fluoride nanoparticles which have been used to detect a 662 keV γ photopeak. [10] [11] [12] [13] However, in this system, the LY drastically deteriorates at higher nanoparticle loadings as the energy deposited in the nonemitting nanoparticles cannot be transported to dye sites to produce photons, limiting the loading to < 30% for practical use. 11, 13 Quantum dots (QDs) have been touted as a promising candidate for numerous applications such as in light emitting devices [14] [15] [16] , photodetectors, 17, 18 bio-labelling and imaging, [19] [20] [21] and energy harvesting 22, 23 due to attractive properties such as narrow tunable emission and high photoluminescence quantum yield (PLQY). For NC scintillator applications, incorporation of QDs could theoretically improve the Z of NC scintillators without sacrificing their light yield due to the QDs' higher Z and PLQY. 7, 8 However, severe transmittance loss in bulk NC due to QD aggregation still poses the biggest hurdle against their application as scintillators. Although the fabrication of high-loading QD/polymer NC thin films with thicknesses up to 50 μm and best transmittance of 85% at 550 nm has been reported, the scale-up to transparent bulk monoliths (at least millimeter-thick) is dramatically harder, as the transmittance loss due to Rayleigh scattering increases exponentially with the NC's thickness. 24, 25 In fact, to our best knowledge, there has been no report on the fabrication of transparent millimeter-thick NCs with QD loadings exceeding 5 wt%. In addition to the transparency issue, the QDs' small Stokes shift also becomes problematic at high loadings because the severe self-absorption can easily destroy the LY of these scintillators.
In this work, by overcoming aggregation and self-absorption issues, we demonstrate the use of CdxZn1-xS (CZS) QDs at extremely high loadings (up to 60 wt%) in a polyvinyltoluene (PVT) matrix with sufficient 4,7-bis-{2'-9',9'-bis[(2''-ethylhexyl)-fluorenyl]}-2,1,3-benzothiadiazole (FBtF) dyes to simultaneously improve Z and preserve LY in the resulting NC scintillators. A simple surface modification step using bis(2-(methacryloyloxy)ethyl) phosphate (BMEP) enables the QDs to be covalently attached to the polymerizing PVT chain, thus preventing aggregation and facilitating high transparency in the product monolith with a record-high QD loading (T550nm = 65.8% for a 60 wt% QD NC monolith). Efficient Förster resonance energy transfer (FRET) from QDs to the lower-band-gap FBtF both suppresses QD self-absorption and promotes the extraction of QD-borne excitons to dye sites for photon production, which prevents the drastic LY deterioration found in previous NC scintillators and even improves LY for up to 11% compared to the control sample. The ultra-high loading of QD improves the Z and enabled detection of the 662 keV gamma photopeak using a QD-loaded NC scintillator. In the best demonstration, a 60 wt% CZS QD/2% FBtF/PVT NC scintillator showed a LY of 9255 photons/MeV and a photopeak resolution of 9.8% under 662 keV Cs-137 γ irradiation. Figure 1 shows a simplified schematic of the scintillation process involved in the QD/dye/polymer NC scintillator. A γ photon is first converted at QD site into a photoelectron with all energy of the photon. The photoelectron with high kinetic energy then cascades to produce a number of low-energy excitons via collisional energy exchange with the ground-state electrons on its trajectory. Depending on where the excitons are generated, they would take different FRET routes to transport and eventually be converted into visible photons at the dye sites. As dictated by the decreasing band gaps from PVT matrix (4.2 eV) to CZS QDs (2.84 eV) then to FBtF (2.56 eV), excitons generated in PVT can either be directly transferred to FBtF as shown in route 1, or to be first transferred to a nearby CZS QD as in route 3, depending on the relative proximity from the generated exciton to the closest QD and FBtF. Excitons in CZS QDs, either generated therein (route 2) or transferred from PVT matrix (route 3), quickly decay in energy through internal conversion to its CdxZn1-xS core due to the QD's type I core/shell structure, and then transfer to FBtF via FRET. The excitons collected at FBtF sites finally recombine radiatively to produce visible photons to be detected by the PMT. It should be noted that the band structure and FRET sequences shown above should be quite generic for all efficient QD/polymer NC scintillators due to following two reasons: 1) most matrix monomers with some conjugated structures and reasonably low melting points (for the ease of fabrication) have larger band gaps than QDs with a reasonably high PLQY; 2) suppression of QD self-absorption requires the use of a lower band gap dye at rather high concentration to facilitate efficient FRET. To realize scintillation detection using the as-described NC structure, aggregation of QDs in polymer matrix has to be minimized due to the needs for a successful out-coupling of photons and an efficient QD-dye FRET which requires a donor-acceptor spatial proximity of 1-10 nm. 11, 26 To achieve this goal, we developed a partial surface modification-in situ copolymerization process based on our previous work (Figure 2a) . 11, 12 The partial BMEP-modification endowed QDs with surface-grafted mathacrylate monomer groups while retaining the QD's solubility in the lowpolarity VT monomer solution (detailed discussion in Supplementary Note). It should be noted that the PLQY of CZS QD decreased only slightly from 83.8% to 77.4% after partial BMEP modification, which could be ascribed to the protective ability of ZnS shell against the small amount of BMEP used. The as-modified QDs were then dissolved in VT along with FBtF and thermal initiator to form an optically clear solution. Afterwards, the solution was heated to initiate the in situ copolymerization, where the surface-grafted mathacrylate groups copolymerize with VT to provide covalent linkage between the QDs and polymer, thus alleviating the aggregation of QDs. As shown in Figure 2a , the as-fabricated NC monoliths were highly transparent with CZS QD loadings of up to 60 wt% (including surface ligand, all QD percentages from here on are weight percentages including ligand, if not specified), indicating a uniform dispersion of QDs within the matrix, which is further confirmed by transmission electron microscopy (TEM) on a focused-ion-beam etched thin film from a 60% QD NC monolith (Figure 2b) . UV-vis transmittance test results (Figure 2c ) confirmed the good transparencies of these ultra-highloading NC monoliths, where the 60% QD NC monolith showed a transmittance of 65.8% at 550 nm. The slight decrease of transmittance at larger QD% and shorter wavelength is due to intensified Rayleigh scattering caused by the addition of QDs, since the refractive index of CZS QDs (>2.39 at 550 nm) is much higher than that of the PVT matrix (1.59 at 550 nm). As mentioned before, a key advantage of using QDs as the high-Z additive is that their high PLQY should enable efficient conversion of energy deposited therein into detectable photons.
RESULTS AND DISCUSSION
However, severe self-absorption of QDs due to their small Stokes shift often results in drastically decreased PL at high QD concentrations, even if a small amount (0.02-0.05 wt%) of wavelength shifters are added to facilitate radiative energy transfer (detailed discussion in Supplementary Note). Therefore, to suppress QD self-absorption, organic dyes with large Stokes shift and great absorption at QD emission wavelengths were added to facilitate efficient non-radiative FRET from QDs. Figure 3a shows the normalized absorption and PL spectra of CZS QD and the dye, FBtF, a fluorene-derivative that has demonstrated its use as an efficient dye in our previous work. 27 The narrow violet emission of CZS QD centering at 425 nm fell exactly within the absorption peak of ), implying a great potential for an efficient QD-to-FBtF FRET. In addition, the emission of FBtF had negligible overlap with the QD absorption, rendering both exciton back-transfer and the reabsorption of FBtF-emitted photons by QDs unlikely. These spectral characteristics suggest an efficient, unidirectional FRET from QDs to FBtF, which would alleviate QD self-absorption and help extract QD-borne excitons for photon production. It should be noted that the overall FRET rate from PVT matrix to QD and FBtF acceptors should be, if not more efficient, at least comparable to the PVT-dye FRET in traditional plastic scintillators, because 1) both FBtF and QD have very strong absorbance at PVT's emission maximum of 310 nm ( Figure   S4 ) and 2) the average distance from a generated exciton on PVT to the closest QD or FBtF in a 60% QD/2% FBtF NC scintillator should be much smaller compared to the case for a traditional plastic scintillator containing nothing else but 2% primary dye. For this reason, we assumed the variable for scintillator performance. 3a ) and the non-absorbing PVT (Eg = 4.2 eV). Therefore, excitons were generated mainly in the QDs within a shallow layer of around 10 μm thick, as estimated using the extinction coefficient and concentration of the QDs. By comparing the QD emission to total emission intensity, FRET efficiencies could be estimated. It should be noted that this method gave only qualitative estimations, since the influence from various other processes such as absorption-reemission and scattering could hardly be excluded. As shown in Figure 3b , QD emission intensity decreased with the addition of FBtF, indicating an improved FRET efficiency. However, the effect of QD emission quenching diminishes at higher FBtF concentrations ( Figure S5 ). This could be attributed to the saturation of FRET at high acceptor concentrations. The overall FRET efficiency We then fabricated and tested another series of NC monoliths containing 0-60% CZS QD and 2% FBtF. As shown in Figure 3c , the relative intensity of QD emission remained almost identical when the QD% increased from 20% to 60%, indicating a similarly efficient QD-to-FBtF FRET with 2% FBtF. In addition, no obvious quenching of the FBtF emission was observed at larger QD%, as evident by the bright green emission of all NC monoliths under 365 nm UV illumination (Figure 3g) . The FBtF emission only redshifted slightly from 529 to 532 nm as the QD concentration amounted to 60%, implying a similar level of self-absorption. To further study the effect of self-absorption within the bulk, transmission-mode PL spectra of these monoliths were also obtained. As shown in Figure 3d , similar to the surface-mode spectra, only a small redshift from 529 nm to 532 nm was observed as the QD% increased. The similar peak positions and small redshift indicated that the addition of QDs did not induce severe self-absorption by increasing scattering within the bulk. In addition, QD emission peaks disappeared in transmission-mode PL due to complete absorption by FBtF. It should be noted that, since most photons would be generated along the fast-electron path within the bulk, these transmission-mode PL spectra should also reflect the "actual" spectra detected by PMT in scintillation tests. Therefore, transmissionmode PL spectra were used to correct the LYs with regard to PMT sensitivities, as would be shown later in this paper.
With the effective QD-to-FBtF FRET confirmed, we tested the scintillation characteristics of the ultra-high-loading QD/FBtF/PVT NC monoliths under 662 keV gamma radiation. Figure 4a shows the pulse-height spectra of NC monoliths containing 50% QD and 1-5% FBtF. The
Compton edge was shifted significantly from 385 channels to 455 channels as the FBtF loading increased from 1% to 2%, displaying an improvement of 15.4% in apparent LY. However, further increase of FBtF loading from 2% to 5% saw no obvious change in LY. Such trend in LY change could be ascribed to the competition between FRET and self-absorption. The initial LY increase at 2% FBtF could be ascribed to the significantly improved FRET efficiency compared to 1% FBtF as discussed before. However, adding more FBtF only improves FRET meagerly, which could be offset by the steadily intensified self-absorption, resulting in the stagnation of LY. The balance between FRET improvement and self-absorption therefore made 2% FBtF the optimal concentration. Pulse-height spectra of NC monoliths containing 2% FBtF and 0-60% of CZS QDs were shown in Figure 4b . LY of the NC monoliths did not decrease drastically at larger QD% as in the case with non-emitting nanoparticle.
11,13
In contrast, we observed a slight increase of LY from 0 to 40 wt% QD loadings, and a more significant increase at 60% QD loading. By comparing the Compton Edge to that of a standard EJ212 sample and correcting the PMT sensitivity difference (Figure S6) 11, 28 exciton productivity of component j under fast-electron excitation (number of excitons generated per unit of fast electron energy deposited, excitons/MeV), overall efficiency of exciton transfer from component j to dye site, PLQY of dye, and self-absorption loss of dye emission (the ratio between photons lost due to self-absorption and photons produced), respectively. Among the five factors, Φdye should remain constant regardless of QD%, while Adye should increase with QD% due to intensified scattering and result in a lower LY. Since Ej is not an intrinsic property dictating exciton and photon production, the increase in LY should then be ascribed to a larger product of Pj and Fj for QD compared to the matrix, as this product for the aliphatic ligands should be close to zero due to their negligible PLQY. 4, 11, 13 As discussed before, FRET for excitons generated in QD and matrix should both be efficient with 2% FBtF. Therefore, the higher LY for QD/PVT NC scintillator should be mainly attributed to a larger Pj of QD compared to that of PVT. Assuming FQD = FMatrix, PLigand × FLigand = 0, and no absorption loss, i.e. Adye = 0, we have obtained PQD = 1.3 × PMatrix using Ej's calculated as described in a previous paper, indicating a 30% higher exciton productivity.
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Greater exciton productivities of inorganic materials due to their smaller ionization energies had been proposed before to account for the higher LYs of inorganic scintillators; however, the exact reasons behind this still remained unknown. 4, 6, 8 More research, both theoretical and experimental, is needed to unravel the puzzle. FBtF/PVT nanocomposites after PMT spectral sensitivity correction, error bars indicate one standard deviation after three independent tests. d, Energy correlated pulse height spectrum with fitted Compton edge and full-energy peak for a 2-mm-thick 60% QD/2% FBtF/PVT NC monolith.
e,f, Radioluminescence decay curves of (e) 50% QD/1-5% FBtF/PVT NC monoliths and (f) 0-60% QD/2% FBtF/PVT NC monoliths.
The addition of QDs also improved the Z of NC scintillators, which enabled the detection of photopeak in the pulse-height spectra. Figure 4d shows the energy correlated pulse-height spectrum obtained using the 60% QD/2% FBtF/PVT NC scintillator. A full-energy peak centering at 646 keV with 9.8% resolution was observed. The small offset of 16 keV from 662 keV is due to the existence of an inseparable Cd Kα escape peak located at 639 keV, which should be eliminated at larger scintillator sizes. The energy resolution of 9.8% is not superior to previous blue-emitting scintillators, which is due to the green-emitting scintillator's lower apparent LY asdetected by the PMT.
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However, it is still much better than the reported 11.4% resolution of FBtF-loaded Gd2O3 NC scintillators, confirming the improved LY by adding QDs. 10 It is expected that, by using the more green-sensitive Si photomultiplier for photon detection, the spectral mismatch could be eliminated, which should greatly enhance the apparent LYs and resolutions. 29 Moreover, with the adoption of such detectors, other higher Z quantum dots with longerwavelength emissions could also be employed to make nanocomposite scintillators, thereby improving the photopeak-to-Compton-edge ratio.
In addition to the enhanced LY and Z, another promising feature of the QD/polymer NC scintillators is their retained short scintillation lifetimes. Figure 4e and 4f show the radioluminescence decay curves of 50% QD/1-5% FBtF/PVT and 0-60% QD/2% FBtF/PVT NC scintillators, respectively. The curves were fitted using a double exponential function with the results listed in Table S1 (fitting details in Supplementary Note). All NC scintillators displayed a dominating fast emission with around 7 ns lifetimes, which was from FBtF as evident from the 2% FBtF/PVT sample. The lifetime of this fast component decreased with increasing FBtF% or NP%, which could be ascribed to an intensified FBtF self-absorption due to higher dye loading or enhanced scattering, respectively. In addition to the fast component, a minor slow component with around 70 ns lifetimes was also observed. The intensity of this slow emission increased with additional QD but decreased at higher FBtF%. In addition, the lifetime of slow decay decreased at higher FBtF% and QD%. Since the typical PL lifetime of CZS core/shell QD is around 10-15 ns, which should further be significantly reduced due to strong FRET to FBtF, the slow component should not come from direct QD emission. 26, 30, 31 However, the increased intensity at higher QD% and lower FBtF% also suggest that the slow component originates from the addition of QD. It is therefore assumed that the slow decay might be related with some nonlinear processes of QD.
Effects such as triplet-triplet annihilation and delayed fluorescence had been reported on plastic scintillators with high primary dye loadings, which might also be applied to this case since QDs could also be viewed as a primary dye. 3, 4, 32 More research is underway to address the slow emission, which might find application in γ/neutron pulse-shape discrimination.
CONCLUSION
In summary, transparent ultra-high-loading CZS QD/FBtF/PVT NC scintillators have been successfully synthesized via in situ polymerization of the monomer solution containing partial BMEP-modified QDs. By facilitating effective QD-dye FRET, simultaneous enhancements in both Z and LY in a NC scintillator have been achieved for the first time, rendering it no longer necessary to sacrifice LY for Z improvements in the nanoparticle-based NC systems. The detection of a 662 keV Cs-137 photopeak with 9.8% resolution using commercial PMT has been demonstrated using a prototype NC scintillator, highlighting the great potential for such QD/dye/polymer NC system in radiation spectroscopy. Following the general structure built in this work, future efforts will be focused on the integration of more advanced green/red-sensitive photodetectors such as the Si photomultiplier, which should facilitate the utilization of a greatly expanded family of QDs with both higher Z and PLQY to further improve the performance of NC scintillators. In addition, follow-up investigations are also underway to elucidate the origin of LY enhancement and slow emission component from QD addition, which could lead to new discoveries and applications in γ/neutron pulse-shape discrimination. Other than the radiation detection use, the facile fabrication of stable, uniform QD/polymer nanocomposites might also find great potential in other fields such as in solar concentrators and optoelectronic applications. according to a previous protocol developed in our lab (details in Supplementary Methods). 27, 33 CdxZn1-xS/ZnS core-shell QDs were synthesized following a well-developed protocol (details in Supplementary methods). 16 All other materials were used as received.
METHODS

Materials
Fabrication of ultra-high-loading QD/PVT NC monoliths Surface modification of the QDs was performed following a similar protocol described previously.
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In a typical experiment, 1000 mg of QDs were precipitated from the toluene stock solution using EtOH. The QDs were then Characterizations TEM images were taken using an FEI T12 Quick CryoEM and CryoET microscope operated at 120 keV. The nanocomposite thin-film TEM samples were prepared by focused ion beam etching of the monolith using an FEI Nova 600 SEM/FIB system. Powder Xray diffraction data was obtained using a Bruker D8 Discover powder x-ray diffractometer with Cu Kα radiation. Fourier transform infrared spectra were obtained using a Jasco 420 FTIR spectrophotometer. FTIR samples were prepared by applying a drop of QD solution (around 50 mg/mL) onto a Real Crystal KBr IR sample card followed by drying in air. Energy dispersive X-ray spectroscopy (EDX) was performed on an FEI Nova Nano 230 scanning electron microscope operated at 10 keV. The EDX samples were first dispersed in corresponding solvents and then drop-casted onto Cu tape, followed by drying under high vacuum. UV-visible tests were performed on a Shimadzu UV-1700 spectrophotometer. Homemade masks were applied to reduce the variations in light paths for monolith transmittance tests. TGA was performed on a Perkin Elmer Diamond Thermogravimetric/Differential Thermal Analyzer. The sample was first stabilized at where Φ, Grad, n are the PLQY, slope of the curve for integrated PL intensity vs. absorbance, and refractive index of the solvent, respectively.
Gamma scintillation measurement Gamma scintillation measurement was performed using a home-built system in a dark box as described in our previous papers.
11 ,32 In a typical measurement, a 1-cm-diameter 2-mm-thick sample was first placed in a customized PTFE sample holder and then coupled to a Hamamatsu R878 PMT using optical grease. A Cs-137 source (662 keV characteristic γ energy) of 10 µCi activity (3.7 x 10 5 decays/second) was then placed right outside the PTFE sample holder. The PTFE sample holder with a relatively rough surface is used as a diffuse reflector to optimize photon collection by PMT while also serves to exclude the influence of concomitantly emitted β rays from the Cs source. The PMT was equilibrated for 30 min after sealing the dark box. Typical acquisition live time was set as one hour. The signal was recorded by a Canberra Lynx multichannel analyzer with rise time and flat top time set to 1 µs and 0.5 µs, respectively. Light yields of the scintillators were obtained by the commonly used protocol of first comparing the sample's Compton edge channel number to that of a standard EJ-212 sample tested under the same conditions, followed by correction with regard to the PMT's spectral sensitivity using the as-obtained transmission-mode PL spectra, where the typical standard deviation is smaller than 2%. [35] [36] [37] In this manner, the light yields were calculated using the following formula:
where LY, CE, and ϕ represent the light yield, channel number of the Compton edge, and the PMT-sensitivity correction factor, respectively. A light yield of 10,000 photons/MeV for EJ-212 was used per the product specification. The PMT-sensitivity correction factor ϕx for sample x was computed using the following formula:
where φ(λ) and Ix(λ) are the PMT's quantum efficiency and the sample's emission intensity at wavelength λ, respectively. As the quantum efficiency of PMT varies drastically over the emission spectrum of FBtF ( Figure S6) , a peak-emission redshift per nm will bring an additional 2 to 2.5% increase in absolute light yield.
Time resolved radioluminescence decay lifetime measurement Time resolved radioluminescence decay curves were measured using a home-built time-correlated single photon counting (TCSPC) system described in our previous paper. 32 The measurement uses a Hamamatsu H2431-50 assembly as the start PMT and a Hamamatsu H10721P-110 module fitted with an E5776-51 SMA fiber optic adapter as the stop PMT. The sample was placed in a homemade PTFE sample holder and directly coupled to the start PMT using optical grease, with a bare terminated 800 μm multi-mode fiber inserted through a tightly fitting hole on the PTFE sample holder to conduct single photons from the sample to the stop PMT. The 10 µCi Cs-137 source was then placed near the PTFE sample holder. Similarly, the PMTs were equilibrated for 30 min after the dark box was sealed. Signal from the stop PMT was fed into an Ortec Model 9326 fast preamplifier, and the resulting output along with the signal from the start PMT was digitized using a PicoScope Model 5244B oscilloscope (Pico Technology, Inc.). The differences in arrival times between the main pulses detected by the start PMT and the single photon pulses detected by the stop PMT were histogrammed to obtain the scintillation decay curves over a 250-ns interval.
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